Magnetic nanowires (NWs) are ideal materials for the fabrication of various multifunctional nanostructures which can be manipulated by an external magnetic fi eld. Highly crystalline and textured nanowires of nickel (Ni NWs) and cobalt (Co NWs) with high aspect ratio (~330) and high coercivity have been synthesized by electrodeposition using nickel sulphate hexahydrate (NiSO 4 ·6H 2 O) and cobalt sulphate heptahydrate (CoSO 4 ·7H 2 O) respectively on nanoporous alumina membranes. They exhibit a preferential growth along 110 . A general mobility assisted growth mechanism for the formation of Ni and Co NWs is proposed. The role of the hydration layer on the resulting one-dimensional geometry in the case of potentiostatic electrodeposition is verified. A very high interwire interaction resulting from magnetostatic dipolar interactions between the nanowires is observed. An unusual low-temperature magnetisation switching for fi eld parallel to the wire axis is evident from the peculiar high fi eld M(T) curve.
Introduction
Magnetism is a cooperative phenomenon and is dictated by size, dimension, shape, structure, and morphology of the constituent phases along with the type and strength of the magnetic coupling that exists between the constituent phases [1 3] . Nanoscale magnetic materials have been receiving much attention due to their unique magnetic properties that are different from their bulk counterparts, and are promising candidates for various applications.
Ferromagnetic nanowires of Fe, Co, and Ni are candidate materials for studying fundamental phenomena like micromagnetic reversal processes and quantum size effects [4 6 ]. Ferromagnetic nanowires and nanotubes have innumerable applications in areas such as ultrahigh density recording [7, 8] , GMR sensors [9] , supermolecular architectures [10] , and nanoscale electronic and optoelectronic devices [11, 12] . Moreover, control of morphology in nanostructures is very important in tailoring their properties [13] .
Template assisted synthesis is developing into an elegant chemical approach for the fabrication of nanoscale structures, as an alternative to sophisticated lithographical methods [14] , especially Nano Res (2008) 1: 465 473
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for larger areas. Here, electrodeposition is receiving much attention in the fabrication of magnetic nanostructures because of its low cost, simplicity of operation, and the ability to tailor magnetic properties by tuning the length and diameter of the porous material. These nanowires are promising candidates for nanoscopic electrodes in applied electrochemistry [15, 16] and for various other fundamental studies [17 19] .
The very high ordering and the magnetic nature of the wires will induce outstanding cooperative phenomena that differ from the bulk and even from their thin film counterparts. Among these ordered magnetic wires, the interwire interactions play an important role and have been the subject of extensive investigations [20 23] . It has been reported that these interwire interactions are so strong that they can even change the easy axis of magnetisation and control the magnetisation reversal, depending upon the strength of the interaction [21 23 ]. These studies indicate that the modes of magnetisation reversal and other magnetic properties in such systems are strongly influenced by the microstructure and the interwire separation between nanowires. A complete understanding of the mechanism of magnetisation reversal in such systems remains elusive and it is persisting as a challenge for researchers.
In our earlier work, we fabricated cobalt nanotubes (Co NTs) and thick walled Co NTs using template assisted electrodeposition employing acetate precursors. An understanding of the growth mechanism will help in the design of various heterogeneous structures and hybrid multifunctional nanostructures [24] , and a mechanism for the formation of Co NTs using acetate precursors was proposed based on mobility assisted growth [25] . In the case of Co NTs a 5-h electrodeposition of cobalt acetate resulted in the formation of 50 μm long nanotubes. Co NTs were obtained when anhydrous cobalt acetate was used as precursor for electrodeposition while thick walled nanotubes were obtained when the cobalt acetate precursor was replaced by cobalt acetate tetrahydrate. Thus the role of the hydration layer in acetate precursors on the resultant one-dimensional structure was established. In this paper, an extension of these studies to the fabrication of nickel and cobalt nanowires using sulphate precursors, instead of the acetate precursors which were previously used for the preparation of Co NTs, is reported. Moreover, the veracity of the mechanism based on mobility assisted growth is tested for the preparation of NWs using sulphate precursors. A comparative study of these two systems, namely Co and Ni NWs, should shed more light on the magnetic properties of these two nanostructured systems.
Experimental
Alumina membranes (Whatman, 99.9% pure) having an average pore diameter of 150 nm and uniform pore density were used for electrodeposition. Electrochemical deposition was carried out in the nanopores, using a standard three-electrode potentiostat system (Princeton EG&G 273A). One side of the alumina membrane was coated by vacuum evaporation with silver (Ag, ~200 nm thickness), which acted as the working electrode for electrodeposition. The reference electrode was Ag/AgCl and platinum was used as the counter electrode. For Ni NWs, an aqueous solution of 0.2 mol/L nickel sulphate hexahydrate (NiSO 4 ·6H 2 O) in 0.1 mol/L boric acid (H 3 BO 3 ) was used as the precursor; the latter works as a buffer. Co NWs were fabricated using an aqueous solution of 0.2 mol/L CoSO 4 ·7H 2 O in 0.1 mol/L boric acid (H 3 BO 3 ). The X-ray diffraction (XRD) patterns of nanowires embedded in the alumina templates were recorded using Cu K radiation, = 1.5418 Å (Rigaku Dmax-C). Field emission scanning electron microscopy (JSM-6335 FESEM) was employed to study the morphology of nanowires.
After electrodeposition of nickel (Ni) or cobalt (Co), the working electrode (silver, Ag) was etched by one or two drops of concentrated nitric acid. Individual nanowires were separated by etching out the alumina using 3 mol/L sodium hydroxide (NaOH) solution and decanting the dissolved alumina using magnetic separation. These nanowires were subjected to further studies. Transmission electron microscopy (TEM) experiments were performed using a JEM 2010 transmission electron microscope. Magnetisation measurements were carried out using a SQUID magnetometer (MPMS-5S XL Quantum Design) by keeping the nanowires inside the alumina pores in order to retain the alignment intact.
Results and discussion

Growth mechanism of nanowires
Figure 1(a) shows a typical time dependence of electrical current for Ni NWs during deposition. The horizontal part of the current transient ( Fig. 1(a) ) indicates the production of nanowires in the pores of the alumina membrane. Current variation also shows that there is no over-deposition and that the nanowire is in the growth state [26] . Figure 1 (b) is a schematic of the formation mechanism of the nanowires. This is based on a model involving mobility assisted growth [25] .
It is a well established fact that growth during electrodeposition in porous materials originates from the cathode surface at the bottom edge of the pore. The high surface area and presence of sites with low coordination number in the porous part of the alumina afford energetically favourable sites for initiating metal adsorption during electrodeposition. precursor are surrounded by a hydration shell. This hydration layer will effectively reduce the metal ion mobility, and the components of metal ion velocity become almost equal (V ≈V ). The rate of reduction of metal ions thus becomes equal in both directions, resulting in nanowires. This growth mechanism is identical to the one we observed in Co NTs where acetate precursors were used for electrodeposition [25] . The XRD pattern of Ni NWs (Fig. 2(a) ) indicates that the wires are highly crystalline (polycrystalline) in nature and that they crystallize in the face centered cubic (fcc) phase. Preferential growth along (220) can also be noticed from the XRD pattern. Figure 2(b) shows the XRD pattern of Co NWs. The formation of a highly crystalline (polycrystalline) and textured Co hexagonal close packed (hcp) phase is evident from the XRD. It must be noted here that the broad diffraction peak occurring around 15° 35° is due to 
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The high relative intensities of the 220 and 111 diffraction lines in the case of Ni NWs is evidence for strong texturing along the 110 direction [28] . FESEM images (Figs. 3(a), 3(b), and 3(c) ) indicate the formation of good quality nanowires with a maximum length of 50 μm and diameter of 150 nm. Figures 3(a) and 3(c) depict the bundles of nanowires of Ni and Co respectively obtained after the removal of alumina by alkaline treatment. Figure 3(b) shows individual Ni NWs on a silicon substrate. are no other elemental impurities present in the nanowires. The peak corresponding to Cu (~15% of Ni or Co) arises from the Cu tape used for EDS measurements. Tr a n s m i s s i o n e l e c t ro n m i c ro g r a p h s a n d selected area electron diffraction (SAED) of Ni NWs are shown in Fig. 5 . It must be noted here that the samples were subjected to TEM studies after removing the template (alumina) using 3
Figures 4(a) and 4(b) illustrate the composition of nanowires using energy dispersive spectroscopy ( E D S ) . T h e p u r i t i e s o f N i a n d C o N W s a re confirmed by EDS and it is to be noted that there
Magnetisation studies
Magnetisation measurements (M H measurements) were carried out using a SQUID magnetometer. Magnetisation studies of Ni NWs show features similar to those of nickel nanotubes [29] , but the length of the nanowires in the present study is much larger and hence they exhibit a high shape anisotropy. The M H curves at 300 K and 6 K are shown in Figs. 6 and 7, respectively. Figure 6 (b) represents a rescaled and expanded view of Fig. 6(a) , highlighting the inand out-of plane coercivity differences. The loop parameters were evaluated and are shown in Table 1 . mol/L NaOH and the residue was magnetically separated. The residue was dissolved in ethanol and drop casted over a copper grid. The quality of the nanowires is evident from the micrograph. The SAED patterns (Fig. 5 inset) indicate that the nanowires are crystalline in nature. to this large shape anisotropy and high aspect ratio (~330), the easy magnetisation direction always lies along the wire axis. Moreover, for an fcc lattice the anisotropy orientation is pointing along the (110) direction. Therefore, from XRD and magnetisation measurements it is to be concluded that the anisotropy axis is aligned along the wire axis and it contributes to the shape anisotropy. Therefore, the easy axis is parallel to the wire axis. Previously reported [14] measurements on isoradial Ni NWs involved polycarbonate membranes or single crystal mica films where the typical pore density was 10 . Figure 8 indicates that the inter-pore distance in the alumina template is ~100 nm. The high pore density in the case of alumina results in high interwire interactions which induce a dipolar field due to the adjacent wire interactions. This dipolar field will act as the demagnetization field, which is given by ∆H= ∆N·M, where ∆N is the demagnetization factor and M is the magnetisation. The low M r /M s ratio observed in the case of a parallel fi eld, where it is expected to be ~1, is due to this high interwire interaction. Both the magnetisation curves are highly sheared due to this demagnetization fi eld indicating strong interwire interactions, which is expected because the average separation between the nanowires is ~100 nm. The alumina template is not able to mediate exchange interactions over more than a few interatomic distances, so the interaction between the wires is realized only through magnetostatic dipolar interactions [32] . The effect of high dipolar interactions for perpendicular fields is to reduce the saturating field. The saturating field for a perpendicular field is H s =7 kOe whereas that for a parallel field is H s =10 kOe. The M H curve recorded at 6 K exhibits an increase in coercivity and a decrease in remanence parallel to the nanowire axis, consistent with an enhanced contribution of cubic magnetocrystalline anisotropy which is in competition with the uniaxial shape anisotropy [33] . Shape anisotropy is identical for low and high temperature measurements, because of the large length to diameter ratio (~330) [34] . curves show a switching of magnetisation from a high magnetisation value to a lower one (~one order change in magnetisation value) at a temperature ~20 K during warming. Since the sample is ferromagnetic both at low and room temperatures as inferred from M H curves, this cooperative switching can only result from surface spin disorder. Since there are no indications of any oxide layer formation as evident from the XRD (Fig. 2) , the chance of surface spin disorder resulting from antiferromagnetic interactions of nickel oxide is ruled out. The only possibility for such a switching of magnetisation in the parallel fi eld measurements a b 
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can be because of the dipolar interaction between adjacent nanowires. This helps to align the spin antiferromagnetically between adjacent wires. M a g n e t i s a t i o n s w i t c h i n g i n t e r m s o f s h a p e a n i s o t ro p y i s q u e s t i o n a b l e a n d w i l l n o t b e complete in the case of wires where an interwire magnetostatic interaction exists. In the case of strong interwire interactions, the individual wires switch cooperatively and the behaviour is comparable to what happens in a thin film [35] . The M-T curves shown in Figs. 10(a) and 10(b) depict such a cooperative switching and this type of unusual M-T curve also confirms the presence of strong interwire magnetostatic interactions in Ni and Co NWs.
Conclusions
High aspect ratio (~330) nickel and cobalt nanowires have been prepared. The mobility assisted growth process responsible for nanowire formation is verified for both nickel and cobalt nanowires. This can be treated as a general growth mechanism in constant voltage deposition processes for all types of metal nanowires, and offers the possibility of controlling the formation of one-dimensional s t r u c t u re s . B o t h N i a n d C o N W s e x h i b i t a preferential orientation along (220) and they are highly crystalline. A high interwire magnetostatic interaction was found to exist between wires and is manifested in low squareness values in the parallel fi eld magnetisation measurements and low saturating fi eld in the perpendicular fi eld direction. The unusual high field M(T) curves observed for both Ni and Co NWs are possibly due to the high dipolar interwire interaction. Thus, tuning of the magnetic properties of Ni and Co NWs is possible by engineering the interwire distances. This can be easily achieved by a template assisted synthesis. These highly crystalline textured Ni and Co NWs are possible candidates for perpendicular recording and various other multifunctional devices. Moreover, understanding the growth mechanism of onedimensional structures will facilitate the design of different coaxial multifunctional nanostructures which can fi nd applications in various fi elds.
